Macrobrachium rosenbergii nodavirus (MrNV) is a pathogen of freshwater prawns that poses 25 a threat to food-security and causes significant economic losses in the aquaculture industries 26 of many developing nations. A detailed understanding of the MrNV virion structure will 27 inform the development of strategies to control outbreaks. The MrNV capsid has also been 28 engineered to display heterologous antigens, thus knowledge of its atomic resolution 29 structure will benefit efforts to develop tools based on this platform. Here we present an 30 atomic-resolution model of the MrNV capsid protein, calculated by cryogenic electron 31 microscopy (cryoEM) of MrNV virus-like particles (VLPs) produced in insect cells, and three-32 dimensional image reconstruction at 3.3 Å resolution. CryoEM of MrNV virions purified from 33
7 single bacterial colonies were picked and cultured in LB broth. The orientation and nucleotide 139 sequence of the DNA insert were confirmed by DNA sequencing. 140 141
Mutagenesis of pFastBac-HTC plasmid 142
To produce the MrNV-CP without a His-tag, the QuickChange II site-directed mutagenesis kit 143 (Agilent Technologies, USA) was used to create an NcoI restriction nuclease cutting site in the 144 pFastBac-HTC plasmid (Invitrogen, USA). The primers used for mutagenesis were 5'-CGG GCG 145 CGG ATC TCG GTC CGA AAC CAT GGC GTA CTA CCA TCA CC-3' and 5"-GGT GAT GGT AGT ACG 146 CCA TGG TTT CGG ACC GAG ATC CGC GCC CG-3', where the NcoI restriction cutting site is 147 underlined. 148 149
Construction of recombinant bacmid pFastBac TM HT C-TARNA2 150
The pGEM-T TARNA2 plasmid and the mutated pFastBacHT-C plasmid were digested with 151
EcoRI and NcoI, respectively. The digested products were purified using the QIAquick Gel 152
Extraction Kit (Qiagen. Germany) and ligated together to produce the pFastBacHTC-TARNA2. 153
This was introduced into competent E. coli DH10Bac cells (Invitrogen, USA) and plated on LB 154 agar plates containing kanamycin (50 μg/ml), gentamicin (7 μg/ml), and tetracycline (10 155 μg/ml). White bacterial colonies containing the recombinant plasmid were selected and 156 cultured in LB broth. The recombinant bacmid DNA was extracted and the presence of DNA 157 insert was confirmed by PCR. The primers used in the PCR were pUC/M13 forward 5'-CCC AGT 158 CAC GAC GTT GTA AAA CG-3' and pUC/M13 reverse 5'-AGC GGA TAA CAA TTT CAC ACA GG-159 3'. 160 161
Preparation of recombinant baculovirus stock 162
Sf9 cells (8 X 10 5 cells/well) in a 6-well plate were transfected with the recombinant bacmid 163 pFastBacHTC-TARNA2 using Cellfectin II reagent. The transfected cells were incubated at 27 164 °C for 72 hours. The cell culture medium was harvested by centrifugation at 500 x g for 5 165
minutes at 4 °C. The P1 baculovirus stock was amplified by infecting the Sf9 cells (2 X 10 6 166 cells/mL) in serum free Sf-900 III SFM medium (Gibco ® , USA). The infected cells were 167 incubated at 27 °C for 72 hours. The P2 baculovirus stock was harvested by centrifugation at 168 500 x g for 5 minutes at 4 °C and stored at 4 °C for subsequent experiments. 169 170
Expression and purification of recombinant MrNV capsid 171
Sf9 cells were cultured as suspension cells at 27 °C in a serum free Sf-900 III SFM medium to 172 reach a cell density of 2 X 10 6 cells/ml. Recombinant baculovirus stock [10% (v/v)] was added 173 into the culture, which was further incubated for 4 days at 27 °C. The MrNV capsid and the 174 Sf9 cells were separated by centrifugation at 500 x g for 5 min at 4 °C. The MrNV capsid was 175 precipitated at 60% (w/v) ammonium sulphate saturation for 2 hours at 4 °C. The proteins 176 were pelleted by centrifugation at 18, 000 x g for 20 min at 4 °C. The pellet was resuspended 177 in HEPES buffer A (20 mM HEPES, 100 mM NaCl; pH 7.4) and dialysed in the same buffer 178 overnight. The dialysed sample was purified by size exclusion chromatography (SEC) using a 179
HiPrep™ 16/60 Sephacryl® S-500 HR column (GE Healthcare, USA), which was attached to a 180 fast protein liquid chromatography (FPLC) system (Akta Purifier; GE Healthcare, USA). The 181 purified protein was concentrated with a 100 kDa molecular cut-off centrifugal concentrator 182 (Pall, USA) and the protein concentration was determined with the Bradford assay [22] . 183 184
Isolation of authentic MrNV virions from giant freshwater prawn larvae 185
Lysate of MrNV-infected post-larvae was prepared according to published methods [23] with 186 some modifications. Briefly, the infected post-larvae were homogenized in HEPES buffer B, 187 (25mM HEPES, 150 mM NaCl; pH 7.4) and the homogenate was centrifuged at 6,000 x g for 188 10 minutes at 4 °C to remove large debris. The supernatant was further clarified by 189 centrifugation at 12,100 x g for 30 minutes at 4 °C. The clarified supernatant was loaded onto 190 a sucrose gradient [8-50% (w/v)] and centrifuged at 210,000 x g for 4.5 hours at 4 °C. Fractions 191 (500 µl) were collected and analysed by SDS-PAGE and Western blotting. Fractions containing 192
MrNV were pooled and dialysed in HEPES buffer B. The purified MrNV was concentrated by 193 centrifugation using a centrifugal concentrator (molecular weight cut-off 10 kDa, Vivaspin 194
Turbo 15, Sartorius, Germany). The final concentration of purified MrNV was determined 195 using the Bradford assay [22] . Purified MrNV VLPs (at approximately 0.2 mg/ml) or virions (at approximately 0.1 mg/ml) 199
were prepared for cryogenic transmission electron microscopy using an FEI Vitrobot Mk IV. 200
Particles were imaged on thin-continuous carbon films that had been applied to C-flat holey 201 carbon support films (R1.2/1.3; Protochips). Four µl of VLP or virion preparation was loaded 202 onto a grid for 1 minute, blotted for 4 seconds and plunged into liquid ethane. Vitrified 203 samples were imaged at low-temperature (around 95 K) and under low electron dose 204 conditions using a JEOL 2200 FS cryo-microscope operated at a nominal magnification of 50k 205 and an accelerating voltage of 200 kV. Frozen grids were held in a Gatan 626 cryo-stage. 206
Images were recorded on a Direct Electron DE20 camera as 2 second movies at 20 frames per 207 second and ~1.5 electrons/pixel/frame. The pixel size was 1.11 Å/pixel. To collect high-208 resolution data on MrNV VLPs, grids were imaged at the electron bioimaging centre (eBIC), 209
Diamond Light Source (UK) using an FEI Titan Krios operated at 47,170 magnification. Images 210 were recorded on a Gatan K2 BioQuantum energy-filtered direct detector camera operated 211 in zero-loss imaging mode with a slit width of 20 eV. Five second exposures were recorded in 212 electron counting mode, at a frame-rate of four frames per second and a dose rate of 1.8 213 electrons/pixel/frame. The pixel size was 1.06 Å/pixel. 214 215 Three-dimensional image reconstruction 216
All image processing was performed using Relion 2.1 [24] . Image stacks of movie frames were 217 motion-corrected using motioncor2 [25] . Defocus estimation was performed using GCTF [26] . 218
For each data-set a small subset of particle images was manually picked and subjected to 2D 219 classification to prepare a template for automated particle picking. Thereafter, particles were 220 automatically picked for all motion-corrected micrographs. Individual particle images were 221 extracted in 512 2 pixel boxes. These data were processed to calculate 2D class averages, to 222 select a data-set of the best particles and exclude erroneously picked images of frost, debris 223 etc. 3D classification with imposition of icosahedral symmetry was used to further exclude 224 data that did not yield high-quality reconstructions. In our study of MrNV VLPs we used our 225 previously calculated 3D reconstruction as a template for starting the classification. For 226 authentic virions, we performed the first 3D classification analysis using a Gaussian sphere as 227 the starting model to prevent model bias, as previously described [20] . Finalised data-sets 228 were subjected to unsupervised 3D refinement. This was followed by masking and post-229 processing of reconstructions calculated from half-sets of data, to determine final resolutions 230 and apply appropriate sharpening to the maps. 231
232

Atomic model building 233
Atomic models were built from the high-resolution density maps using the CCP-EM suite of 234 programmes [27] in particular COOT [28] . The model was refined using REFMAC [29] and 235 PHENIX [30] . Validation was performed using MOLPROBITY [31] . Secondary structure 236 assignment was performed using STRIDE (http://webclu.bio.wzw.tum.de/cgi-237 bin/stride/stridecgi.py) [32] . Density maps and atomic resolution models were visualised 238 using UCSF Chimera [33] . Validation of metal ion assignment was performed using the 239 'checkmymetal' server (https://csgid.org/metal_sites) [34] . Contact interface analysis was 240 performed using the PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver) 241 
Cryo-EM of MrNV VLPs 259
To calculate an atomic model of the MrNV capsid protein we sought to determine a high-260
resolution 3D reconstruction of the capsid. Frozen hydrated preparations of MrNV VLPs were 261 imaged in a FEI Titan Krios at the UK electron bioimaging centre (eBIC). A total of 2,459 262 cryomicrograph movies were recorded on a Gatan K2 BioQuantum direct detector ( Fig. 1a) . 263
These data were processed to correct the effects of specimen movement and estimate the 264 defocus in each micrograph. To calculate a template for automated particle picking, a dataset 265 of approximately 1000 particles was manually picked and subjected to two-dimensional 266 classification. Representative class-averages were selected and used to automatically pick 267 particles for further analysis. A total of 60,939 putative particles were extracted from our 268 motion-corrected micrographs and subjected to 2D classification. Class averages showing 269 particle images with well-resolved structure were selected, reducing the data set to 56,762 270 particles. 3D classification was then used to select the best particles for inclusion in the final 271 reconstruction, further reducing the dataset to 40,883 particles. Unsupervised refinement of 272 the final dataset led to a reconstruction with an overall resolution of 3.3 Å (Fig. 1b -c and S1, 273
Movie S1). The reconstructed density map closely matched our previously published 7 Å 274 structure of the MrNV VLP produced in Sf9 cells, showing pronounced blade-shaped dimeric 275 spikes on the capsid exterior and a dodecahedral cage of RNA density within the particle. A 276 cross-section through the reconstructed density revealed that the S-domains of the VLP were 277 sharply resolved, while the P-domains were less well-defined, having weaker fuzzier density 278 ( Fig. 1b ). Local resolution analysis confirmed this, revealing that much of the S-domain was 279 solved to 3.2 Å resolution, while the tips of the dimeric capsomeres were poorer than 4 Å CryoEM of MrNV VLPs revealed particles that were 40nm in diameter with pronounced spikes on their outer surface (a, scale bar = 100nm). A central section through the icosahedral reconstruction of the MrNV VLP reveals a sharply defined capsid shell containing fuzzy density that we attribute to packaged nucleic acids. The P-domain spikes were less well resolved in comparison to the shell, most likely a consequence of flexibility (b). An isosurface view of the reconstruction is shown coloured by radius. A cutaway view reveals that the internal density forms a dodecahedral cage, consistent with that described for other nodaviruses (c). The sharpened map is also presented, coloured according to resolution, as both external and cutaway views (d). Sharpening of cryoEM maps down-weights lower resolution information to reveal the fine structural details of the map, such as amino acid sidechains. Poorly defined features such as the packaged nucleic acids are often lost upon sharpening, as no high-resolution information is present. resolution (Fig. 1d ). Local resolution filtering and sharpening was applied with a B-factor of -281 140 Å 2 to generate a density map that was suited for high-resolution model building. 282 283 An atomic model of the MrNV VLP asymmetric unit 284
The asymmetric unit of the T=3 MrNV capsid comprises three copies of MrNV-CP; CPA, CPB 285 and CPC. We have previously shown that the P domains assemble to form dimeric spikes; AB 286 dimers arranged about the five-fold symmetry axes and the CC dimers located at the two-fold 287 symmetry axes. We set out to build the sequence of the MrNV capsid protein (Fig. S2) into 288 our density map to produce an atomic model of the MrNV capsid protein for each quasi-289 equivalent position. As a starting point, we docked a homology model into our density map 290 [12, 20] . Overall this model fitted poorly within the reconstructed density map, with the 291 exception of two regions between amino acid residues 104-135 and 232-243. A model for the 292 S-domain of CPA was therefore manually built and refined from this starting point. This partial 293 model was then docked to CPB and CPC and further edited and refined, leading to reliable 294 models for the S-domains at each quasi-equivalent position. Interestingly, our density map 295 presented density consistent with the presence of two metal ions per capsid protein. Based 296 on the surrounding residues and distances to coordinating atoms, we have modelled these as 297 calcium ions (discussed below). In our 3D reconstruction, density for the S-domain was very 298 well resolved. This allowed us to model this region to a high degree of confidence and with 299 relative ease. 300
301
The P-domains were however rather less well defined and presented a more challenging task, 302 particularly at the distal tips of the dimeric-spikes. CP B was found to be the best resolved as 303 judged by continuity of density, while CPC appeared the least well resolved. Throughout the 304 14 amino acid sequence of the P-domain there are bulky amino acid side-chains that gave 305 confidence in our interpretation of the map. Following several rounds of manual editing and 306 refinement a model was achieved for the full asymmetric unit that matched our density map 307 and had reasonable geometry (Fig. 2, Movie S2 , Table S1 ). 308
309
A β-annulus motif formed of multiple N-terminal arms of chain C 310
The N-terminal regions of CP that include the RNA binding sites (amino acid residues 21-29) 311
were not resolved for any of the chains (CPA, CPB or CPC) in our density map. For CPA, we have 312 successfully modelled amino acid residues 56-371, while for CPB we were able to build amino 313 acid residues 55-371. CPC has a well-resolved NTA that allowed modelling from amino acid 314 31. Interestingly the CPC NTA was found to form extensive contacts with symmetry related 315 CPC molecules, forming a network that crosses the capsid interior and is reminiscent of the 316 NTAs previously described for several tombusviruses (Fig. 3, Movie S3 ). The CC dimer 317 interface lies at the icosahedral two-fold axis. Each CPC-NTA emerges from the S-domain close 318 to this symmetry axis and interacts with two CPB protomers, donating β-strands to β-sheets 319 within the CPB S-domains. The CPC-NTA extends across the CC-dimer (and icosahedral) two-320 fold symmetry axis and inserts into the first CPB subunit which lies adjacent to the symmetry 321 related CP C subunit ( Fig. 3c-d) . Moving from the C-terminus to the N-terminus, the NTA then 322 crosses the adjacent icosahedral three-fold axis and inserts into the next nearest CP B subunit, 323 donating a second β-strand to the β-sheet comprising that molecule and a symmetry related 324 CPC-NTA ( Fig. 3e-f ). This inter-digitated arrangement of NTA's extending from capsid proteins 325 at the C-position was first described for TBSV [38] and termed a β-annulus owing to the 326 manner in which CP C -NTAs wrap around each other at the icosahedral three-fold axes. 327
Nevertheless, in the case of MrNV the lacing together of CPC molecules is more extensive, as A solvent excluded surface of the entire capsid is shown, coloured by radius (see Fig. 1c for key). A single asymmetric unit comprising three copies of CP -CPA (red), CPB (yellow) and CPC (pink) is shown as a ribbon diagram (a), close up view (b). Wall-eyed stereo paired views of each dimer are shown (AB-dimer (c), CC-dimer (d)). In (c) CPB is presented in rainbow colour scheme, while CPA is coloured grey. In (d) one CPC chain is shown in rainbow colour scheme, while the other is grey. Figure 3 . The CPC NTA forms an extensive network at the capsid interior that includes a β-annulus motif.
A solvent excluded surface view of the MrNV capsid is shown, coloured by radius and clipped to reveal the capsid interior. The CP C NTAs are coloured mauve to highlight the extended network formed (a). The white frame highlights the view presented in (b), in which the cryoEM map is shown as a transparent isosurface, with a single CPC molecule presented as a ribbon diagram with rainbow colouring. Black frames highlight the views presented in subsequent figures (Fig 3c-f ). (c) A wall-eyed stereo pair view of a CC-dimer, from the capsid interior shows the NTA emerging from the S-domain β-jelly roll to cross the icosahedral two-fold symmetry axis (pink diamond).
(d) Moving from C-to N-termini, the NTA runs between the symmetry related CPC (pink) and an adjacent CPB (yellow) donating a strand to a β-sheet within the CPB. This sheet also includes a β-strand donated by a symmetry related CPC-NTA (pink). (e) The NTA then forms a β-annulus at the icosahedral three-fold axis (green triangle) and donates a strand to a β-sheet within a second CPB (yellow), which similarly also includes a β-sheet from a symmetry related CPC (pink). Thus CPC-NTAs are interdigitated between other CPC-NTAs and CPB S-domains. (f)
The N-terminal 29 residues of CPC are not resolved in our cryoEM map, however the last visible CPC-NTA density terminates beneath a symmetry-related icosahedral two-fold symmetry axis (pink diamond), suggesting that the RNA binding site is proximal to this region. the NTA does not fold back on the CPC to emerge from the S-domain at the nearest three-fold 329 axis, and there form the β-annulus structure (as it does in TBSV). Rather it crosses the two-330 fold axis of the CC-dimer and then inserts into two CPB molecules arranged about the opposite 331 three-fold axis, where the β-annulus is formed. The last resolved N-terminal residue (Pro31) 332 lays under the next neighbouring two-fold axis. This is related to the originating two-fold by 333 a counter-clockwise rotation of 120 o about the three-fold axis of the β-annulus (viewed from 334 the capsid exterior). Although it is not resolved, the arginine-rich putative RNA binding site 335 (amino acids 21-29), must therefore be located proximal to the two-fold symmetry axes for 336 the CPC-chains. 337 338
Coordinated metal ions stabilise CP-CP interactions in the S-domain 339
The MrNV-CP S-domain comprises residues 62-242 and forms the contiguous shell of the 340 capsid. The T=3 assembly is made up of 180 copies of the canonical 8-stranded anti-parallel 341 β-barrel fold, known as the β-jelly roll. This is commonly seen in positive sense RNA containing 342 viruses including both the nodaviruses and tombusviruses. Another interesting parallel 343 between the structure of MrNV and the tombusviruses is the presence of coordinated metal 344 ions at the interface between CP subunits (Fig. 4, Movie S4 ). X-ray crystallographic difference 345 mapping of TBSV following EDTA treatment identified two divalent cation binding sites at the 346 interface between capsid proteins within the asymmetric unit, that were modelled as Ca 2+ 347
[39]. Chelation followed by a rise in pH (>7.0) has been shown to cause a structural transition 348 to a 'swollen' state in these virions, indicating that these divalent cations play a role in virion 349 stabilisation or possibly control of uncoating. Based on the striking similarity in the locations 350 of these putative metal ions in our data compared to those previously published for TBSV The amino acid residues that make up the coordination spheres are labelled. The cryoEM density map is also shown as a transparent isosurface.
(PDB ID 2TBV), and the surrounding residues, we have modelled these putative metal ions as 352 calcium (Fig. 4b) . 353
354
A flexible hinge leads to differently oriented P-domain dimer spikes 355
We have previously noted the striking differences in the orientations of the P-domain dimer 356 spikes, relative to the underlying capsid shell, between AB and CC dimers. The CC-dimer spike 357
is rotated approximately 85° counter-clockwise relative to that of the AB-dimer (viewed from 358 the capsid exterior). Moreover, CC-dimer P-domains are raised from the capsid surface upon 359 legs of density, whereas the AB P-domains sit closer to the capsid shell and are tilted towards 360 their nearest two-fold symmetry axis. Our atomic model of the MrNV VLP reveals the reason 361 for the substantial differences in pose of these two capsomere forms. There is a large linker 362 region between the S and P domains between amino acid residues 241 and 258. In the CC-363 dimer, this linker emerges from the S-domain β-jelly roll and forms a straight leg that is normal 364 to the capsid surface ( Fig. 2e) . The inter-domain linker in CPA and CPB on the other hand has 365 two bends, one between residues Pro247 and Pro249, which causes the linker to make a right-366 angled turn, and another at Ile252-Gln254 which likewise causes a right-angled turn, restoring 367 the path of the linker to its original radial orientation (Fig. 2c) . The twist in the linkers at the 368 AB-dimer, induced by these turns, therefore accounts for the major differences in the 369 orientations of the two types of spike. Interestingly, although we previously noted that the 370 CPB P-domain was more closely apposed to the S-domain than CPA, our model does not show 371 any contacts. The AB P-domain's orientation is defined by interactions with the AB linker 372 region and the CPC P-domain (Movie S5). 373
375
Inter-capsomere contacts in the P-domain lead to the formation of a blade-like superstructure 376 CC-dimer spikes are less well-resolved in our cryoEM map than those of the AB-dimers. This 377 is to be expected given the manner in which the AB-dimer spike is stabilised through 378 interactions in the AB linker. In contrast, the P-domains of CPC stand on extended polypeptide 379 legs that may not offer the same support. The CC spike is instead stabilised by contacts 380 between the P-domains of CPB and CPC. AB spikes act as buttresses to the CC capsomere 381 through polar interactions between amino acid residues 270 to 276 of CPB and 307 to 317 of 382 CPC (Fig. 5, Movie S5 ). This gives rise to the formation of a blade-like superstructure that lays 383 across the two-fold symmetry axis and comprises one CC-dimer and two AB-dimers. 384
385
The MrNV CP P-domain fold closely resembles that of the tombusviruses 386
It is noteworthy that the previously described homology model for the MrNV CP structure 387
[12] was based on the capsid protein of a tombusvirus: cucumber necrosis virus (CNV -PDB 388 4LLF [40]), rather than other known nodavirus structures. Although the homology model was 389 a poor match for our cryoEM density map, our analysis has confirmed the hypothesised 390 dimer-clustered T=3 icosahedral capsid structure. We have also discovered that like 391 tombusviruses, MrNV CP proteins bind metal ions to stabilise the capsid asymmetric unit. 392
Close inspection of the fold of the MrNV P-domain also reveals an unexpected structural 393 homology between this nodavirus and the tombusviruses (Fig. 6 ). Tombusvirus P-domains 394 have been shown to comprise a 10-stranded antiparallel β-barrel made up of two β-sheets 395 annotated as BAJEHG and CDIF (Fig. 6a,d) . Secondary structure assignment in the P-domains 396 of the MrNV structure was challenging, owing to the poorer resolution in this region. 397
Nonetheless we have identified a similar β-barrel motif composed of nine strands arranged 398 Figure 5 . A superstructure comprising the P-domains of two AB-dimers and one CC-dimer.
A transparent solvent excluded surface of the MrNV capsid is presented as a stereo-paired view (a). Six Pdomains are shown as ribbon diagrams to highlight the formation of a superstructure that lays across the icosahedral two-fold symmetry axis. A side-view of the superstructure shows how P-domain AB-dimers act as buttresses to stabilise the CC-dimer spike. The contact residues in CPB (yellow) and CPC (pink) are highlighted in shades of blue.
Figure 6. The MrNV P-domain has a similar fold to that of the tombusvirus cucumber necrosis virus.
A stereo-paired view of the cucumber necrosis virus CPB P-domain (PDB 4LLF) is presented as a ribbon diagram with rainbow colouring (a). The diagram is annotated to indicate successive β-strands from the N-to C-termini that together make up a ten-stranded antiparallel β-barrel. A similar motif is seen in the MrNV P-domain, which is likewise presented and annotated (b). Protein topology diagrams of CNV CPB P-domain (c) and MrNV CPB Pdomain (d) present a simplified view to highlight the similarities of the P-domain folds in these two viruses.
into two β-sheets annotated as AJEH2 and DIFGH1, based on a 3D pairwise alignment of the 399 P-domains for CPB of CNV and MrNV (Fig. 6b,c, S3) . particles that were further refined to produce the final reconstruction at 6.6 Å resolution (Fig.  408   7) . At this resolution, the map appears identical to that of the MrNV VLP in all respects 409 (compare Fig. 7a and 1c) . Furthermore, the packaged RNA shows very similar, albeit noisier, 410 structure to the previously described dodecahedral cage. Thus, we conclude that our high-411 resolution model is an accurate representation of the structure of the authentic MrNV virion. 412 413 Discussion 414
We have previously described the intermediate resolution structure of VLPs generated 415 following recombinant expression of the MrNV CP. This revealed a surprising divergence from 416 known nodavirus structures [20] . The MrNV T=3 icosahedral capsid was seen to assemble 417 with dimeric rather than the usual trimeric capsomeres. Consistent with previously published 418 nodavirus structures, we found that the MrNV VLP exhibited density suggestive of packaging 419 of nucleic acids -most likely the cognate mRNA. We also observed a surprising difference in 420 the orientations of the P-domain spikes between the two classes of dimer (AB and CC). 421 A solvent excluded surface of the entire capsid is shown, coloured by radius (see Fig. 1c for 510 key). A single asymmetric unit comprising three copies of CP -CP A (red), CP B (yellow) and CP C 511 (pink) is shown as a ribbon diagram (a), close up view (b). Wall-eyed stereo paired views of 512 each dimer are shown (AB-dimer (c), CC-dimer (d)). In (c) CPB is presented in rainbow colour 513 scheme, while CPA is coloured grey. In (d) one CPC chain is shown in rainbow colour scheme, 514 while the other is grey. 515 516 Figure 3 . The CPC NTA forms an extensive network at the capsid interior that includes a β-517 annulus motif. 518
Figure legends 494
A solvent excluded surface view of the MrNV capsid is shown, coloured by radius and clipped 519 to reveal the capsid interior. The CPC NTAs are coloured mauve to highlight the extended 520 network formed (a). The white frame highlights the view presented in (b), in which the 521 cryoEM map is shown as a transparent isosurface, with a single CPC molecule presented as a 522 ribbon diagram with rainbow colouring. Black frames highlight the views presented in 523 subsequent figures (Fig 3c-f) . (c) A wall-eyed stereo pair view of a CC-dimer, from the capsid 524 interior shows the NTA emerging from the S-domain β-jelly roll to cross the icosahedral two-525 fold symmetry axis (pink diamond). (d) Moving from C-to N-termini, the NTA runs between 526 the symmetry related CPC (pink) and an adjacent CPB (yellow) donating a strand to a β-sheet 527 within the CPB. This sheet also includes a β-strand donated by a symmetry related CPC-NTA 528 Within our cryoEM map we saw density consistent with the presence of coordinated metal 538 ions. A wall-eyed stereo paired view of a ribbon diagram of the asymmetric unit is shown with 539 chains coloured A-red, B-yellow and C-pink. Green spheres highlight the positions of the 540 24 putative metal ions, which we have modelled as Ca 2+ (a). A close-up view of a pair of metal 541 ions at the interface between chains A and C is also shown in stereo (b). The amino acid 542 residues that make up the coordination spheres are labelled. The cryoEM density map is also 543 shown as a transparent isosurface. 544 545 Figure 5 . A superstructure comprising the P-domains of two AB-dimers and one A transparent solvent excluded surface of the MrNV capsid is presented as a stereo-paired 547 view (a). Six P-domains are shown as ribbon diagrams to highlight the formation of a 548 superstructure that lays across the icosahedral two-fold symmetry axis. A side-view of the 549 superstructure shows how P-domain AB-dimers act as buttresses to stabilise the CC-dimer 550 spike. The contact residues in CPB (yellow) and CPC (pink) are highlighted in shades of blue. 551 552 Figure 6 . The MrNV P-domain has a similar fold to that of the tombusvirus cucumber necrosis 553
virus. 554
A stereo-paired view of the cucumber necrosis virus CPB P-domain (PDB 4LLF) is presented as 555 a ribbon diagram with rainbow colouring (a). The diagram is annotated to indicate successive 556 β-strands from the N-to C-termini that together make up a ten-stranded antiparallel β-barrel. 557
A similar motif is seen in the MrNV P-domain, which is likewise presented and annotated (b). 558
Protein topology diagrams of CNV CP B P-domain (c) and MrNV CP B P-domain (d) present a 559 simplified view to highlight the similarities of the P-domain folds in these two viruses. 560 561 Figure 7 . The authentic MrNV virion has an identical capsid structure to that of the VLP. 562
CryoEM was used to calculate an intermediate-resolution 3D reconstruction of the authentic 563
MrNV virion, purified from infected Macrobrachium rosenbergii post-larvae. This revealed a 564 structure that was indistinguishable from the VLP reconstruction (a), including the internal 565 dodecahedral cage density, that we attribute to viral genome (b). 566 567
